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The single prodution of top quark due to avor hanging neutral urrent (FCNC) interation
and its deay to bW are studied at CLIC+LHC based γp olliders. We onsider both tcγ and tuγ
anomalous ouplings. The anomalous harm (up) quark anomalous oupling parameter κcγ (κ
u
γ) an
be probed down to 9.5 × 10−3 (8.0 × 10−3) at a γp ollider with √sep = 6.48 TeV and Lint = 100
fb
−1
.
The avor hanging neutral urrent (FCNC) reations are known to be absent at tree level in the Standard Model
(SM). However, they an naturally appear at the one-loop level due to CKM mixing whih leads to the branhing
ratio BR(t → qV )∼ 10−13 − 10−10 [1℄ where q = c, u and V = γ, g, Z. Extensions of the SM suh as supersymmetry
(SUSY) [2℄, exoti quarks (EXQ) [3℄,[4℄ and two-Higgs doublet models (2HDM) [5℄ ould lead to an enhanements of
suh transitions. In these models the top quark is predited to have large FCNC ouplings [6, 7℄. The approximate
orders of the branhing ratios for FCNC top quark deays predited within these models [see [8℄ and referenes therein℄
are given in Table I.
Due to the large mass lose to the eletroweak symmetry breaking sale and having poorly measured ouplings, the
top quark is a good andidate for probing new physis beyond the SM. This motivates the study of single top prodution
by FCNC ouplings at future olliders. The prodution of top quarks via FCNC interations was extensively studied
at hadron olliders [9, 10, 11, 12, 13, 14, 15℄, at e+e− olliders [15, 16, 17, 18℄, and at lepton-hadron olliders [18, 19℄.
Additional option of linear e+e− olliders would be an ep ollider when linear ollider is onstruted on the same
base as the proton ring. The ompat linear ollider (CLIC) [20℄ at CERN an be onverted into CLIC+LHC ep
ollider. Photon olliders [21℄ are based on the Compton sattering of laser light on high energy eletrons in linear
olliders. The sattered photons have energies lose to the energy of the initial eletron beams. Then, it is possible to
onstrut TeV sale γp ollider on the CLIC+LHC base. The main parameters of the CLIC+LHC based γp olliders
are given in Table II.
In this paper, single prodution of top quarks via anomalous tcγ and tuγ ouplings at future CLIC+LHC based γp
olliders has been studied.
If the FCNC ouplings of the top quark exist, they will aet top quark prodution and deay at high energies.
Therefore, any possible deviations from SM preditions will be an indiation of new physis. Top quark FCNC
ouplings an be parametrized in a model independent way by an eetive Lagrangian
L =
∑
q=u,c
igeQq
κqγ
Λ
tσµνk
νqAµ
+
∑
q=u,c
ge
2 sin θW cos θW
t
[
i
κqZ
Λ
σµνk
ν − γµ(vqZ − aqZγ5)
]
qZµ
+
∑
q=u,c
igs
κqg
Λ
tσµνk
ν λ
a
2
qGµa +H.. (1)
where kν is the momentum of the neutral gauge boson, σµν = i(γµγν − γνγµ)/2 and Λ is the new physis sale. Aµ,
Zµ and Gµ are the photon, Z- boson and gluon elds, respetively. The anomalous ouplings κγ , κZ ve κg dene the
strength of the tqγ, tqZ and tqg verties, respetively. The terms inluding vZ and aZ are the anomalous non-diagonal
Z ouplings whih are zero in the SM. ge and gs are the eletromagneti and strong oupling onstants, respetively.
Qq is the quark harge and θW is the Weinberg angle.
Using the eetive Lagrangian (1) it is straightforward to obtain the FCNC deay widths of top quark:
Γ(t→ qg) =
(
κqg
Λ
)2
2
3
αsm
3
t (2)
∗
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Λ
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2
9
αm3t (3)
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4 sin2 2θW
(
1− m
2
Z
m2t
)2 [(
κqZ
Λ
)2
m2t (2 +
m2Z
m2t
)− 6vqZ
κqZ
Λ
mt + (v
q2
Z + a
q2
Z )(2 +
m2t
m2Z
)
]
(4)
where mZ and mt are the masses of Z boson and top quark, respetively.
The CDF ollaboration performed a searh for FCNC in the top quark deays t → u(c)γ and t → u(c)Z in pp
ollisions at a entre of mass energy of 1.8 TeV. They obtained upper limits at 95% ondene level (CL) on the
branhing ratios [22℄:
BR(t→ uγ) +BR(t→ cγ) < 0.032,
BR(t→ uZ) +BR(t→ cZ) < 0.33.
A slightly better limit from the DELPHI experiments for the proess e+e− → tq is obtained on the top quark
FCNC branhing fration BR(t → uZ) + BR(t→ cZ) < 0.18 [23℄ assuming other FCNC ouplings to be zero. Note
that the LEP2 gives a better limit for κqZ < 0.52 and
√
|vqZ |2 + |aqZ |2 < 0.32 than that given by the CDF. From the
low energy experiments a more stringent upper bound on the tqZ ouplings
√
|vZ |2 + |aZ |2 < 0.15 an be found in
[8℄.
The H1 Collaboration searhed for the prodution proesses by onsidering both of the anomalous verties tuγ and
tcγ from the fat that HERA has muh higher sensitivity to κuγ than to κ
c
γ , due to more favorable parton density [24℄.
The urrent limits from HERA are κqγ < 0.19 (ZEUS) and κ
q
γ < 0.305 (H1) [25℄.
In this study we dene the branhing ratio for FCNC deay of top quark as
BR(t→ qV ) = Γ(t→ qV )∑
Γ(t→ qV ) . (5)
By onvention, we set Λ = mt = 175 GeV and α = 1/128, αs = αs(m
2
t ) in our alulations. The branhing ratios
BR of t→ qg, t→ qZ and t→ qγ are shown in Fig. 1. Using the eetive lagrangian (1) with the sale Λ = mt = 175
GeV, and standard deay width Γ(t → bW ) ≃ 1.4 GeV, these branhings an be translated into the bounds on the
top quark anomalous ouplings κqγ < 0.28, κ
q
Z < 0.77 and
√
|vqZ |2 + |aqZ |2 < 0.48 as seen in Fig. 1.
The branhings for t → qZ are denoted by the ontribution from a 5-dimensional FCNC oupling κ or the 4-
dimensional FCNC ouplings
√|vqZ |2 + |aqZ |2 = κ for an illustration. Here, we assume that only the relevant FCNC
oupling is allowed to deviate from its SM value at a time as the others are set to zero.
Sine we allow tcγ and tuγ anomalous interation in the diret top quark prodution we should also inlude this
term in the deay of top quark, whih is proportional to (κcγ)
2 + (κuγ)
2
and ontributes to the top quark deay width.
One an see the eet of additional hannel for top quark deay, whih dereases the t → bW branhing ratio and
auses a notieable deviation from the quadrati behavior. Assuming only the presene of tcγ and tuγ ouplings top
quark deay width hanges aording to
Γt = Γt→bW
[
1 +
[(κcγ)
2 + (κuγ)
2]
Λ2
32
9
m2W
(1−m2W /m2t )2(1 + 2m2W /m2t )
]
. (6)
While the t → qV (q = u, c and V = γ, Z, g) deays will our in the presene of the anomalous ouplings given
in Eq. (1), they are smaller than the t → bW deay and they will have negligible branhing ratios for κV < 0.2
at Λ = mt. Given the existing upper bound of the anomalous oupling mentioned earlier [9℄, t → bW will be the
dominant deay mode of the top quark. Sine the leptoni deay hannel of W boson has a lear signature, here we
onsider only the t→ bW+ → l+νb deay for our signal.
The total ross setion for diret top quark prodution is given by
σ =
∫ 0.83
τ
min
∫ 1
τ/0.83
dx
x
fq(x,Q
2)fγ(
τ
x
)
∫ tˆ+
tˆ
−
dtˆ
dσˆ
dtˆ
(7)
3where tˆ
-
= (m2t − sˆ), tˆ+ = 0 and τmin = m2t/s. The fγ(y) is the spetrum of photons sattered bakward from
the interation of laser photon with the high energy eletrons [28℄. The dierential ross setion for the subproess
γq → t→ bW+ is given by
dσˆ
dtˆ
=
(
κqγ
Λ
)2
πα2|Vtb|2
9m2wsin
2θw sˆ[(sˆ−m2t )2 +m2tΓ2t ]
[
sˆ3 + sˆ2tˆ− (m2w + 2m2b)sˆ2 − (2m2w +m2t +m2b)sˆtˆ
+(m4b + 2m
2
bm
2
w + 2m
2
tm
2
w)sˆ+ (m
2
bm
2
t + 2m
2
tm
2
w)tˆ−m2bm2tm2w − 2m2tm4w
]
(8)
In this study, the anomalous interation verties are implemented into the CALCHEP [25℄ pakage with the parton
distribution funtion library CTEQ5M [26℄ for fq(x,Q
2) at Q2 = m2t . The FCNC tqγ ouplings an be probed diretly
at γp olliders through the top quark prodution subproesses γu → t and γc → t. The diagram for the FCNC top
quark prodution mehanism and its subsequent deay t→ bW+ → l+νb are shown in Fig. 2.
The ross setions for anomalous top quark prodution at three options of ep olliders with the enter of mass
energies
√
sep = 2.64, 3.74 and 6.48 TeV are given in Tables III, III and V, respetively. From these tables it is easy
to see that the ontribution from tuγ anomalous oupling is larger than that from tcγ oupling.
We searh for the signal in detetor through the presene of one b-tagged jet, one isolated lepton and missing
transverse momentum. The transverse momentum pT distribution of nal state partiles are given in Fig. 3. The b
quark pT distribution has a peak around the half mass of top quark. A small shift bakwards due to the mass of nal
state partiles is seen. The pT spetrum of the eletron (or positron) mainly distributed at the half mass of the W
boson. In Fig. 4 we present the pT spetrum of nal state partiles for the relevant bakground.
We apply initial kinemati uts pe,ν,bT > 10 GeV for the experimental observation of the signal. These uts redue
the signal ross setion by 5% and bakground by 45%. More stringent uts pe,νT > 20 GeV and p
b
T > 50 GeV lead to
a redution on the signal ross setion about 50% and bakground about 85%. The rapidity uts are more eetive
suh that |ηe,ν,b| < 2.5 redues the signal ross setion by a fator about 80% and bakground by 90%.
In order to enhane the signal to the bakground, we want to make uts on the invariant mass of nal partiles
whih should be sharply peaked at mt for the signal. To determine the invariant mass Mlνb, one should reonstrut
pt = pl+pν+pb. The neutrino is not observed but its transverse momentum an be dedued from the missing transverse
momentum. The longitudinal omponent of the neutrino momentum is determined by the W-mass onstraint mW =
mlν=
√
(pl + pν)2, and is given by
pνL =
χplL ±
√
p2l (χ
2 − p2Tlp2Tν)
p2Tl
, χ =
m2W
2
+ plT · pνT (9)
and pL and pT refer to the longitudinal and transverse momenta, respetively. We hose the solution whih would
best reonstrut the mass of the top quark. The invariant mass distributions of lνb system for the three options of
anomalous interation vertex parameters κcγ and κ
u
γ are shown in Fig. 5 where we apply the uts p
l,ν,b
T > 20 GeV.
We an determine the minimum value of the anomalous ouplings κcγ or κ
u
γ by using the signal and bakground
events at γp olliders. Assuming the Poisson statistis the number of signal events required for disovery of a signal
at the 95% ondene level is
S√
S +B
≥ 3 (10)
where S and B are dened aording to the number of events alulation (S,B) = σ×BRw ×Lint× ǫ, where ǫ is the
overall detetion eieny of 1% for this hannel. Lint is the integrated luminosity for one working year, and BRw is
the branhing ratio for leptoni deay of the W boson.
Sine the harm and up quarks are in the initial state, their ontributions to diret top quark prodution an not
be distinguished. The plots of the disovery limit when both κcγ and κ
u
γ are assumed to be nonzero are shown in Figs.
6 and 7.
We nd that ross setion is more sensitive to tuγ than tcγ due to the more favorable u quark density in proton.
From Fig. 6 one an see that larger enter of mass energy improves the sensitivity. Assuming the integrated luminosity
of 100 fb−1 one an probe the anomalous tcγ (tuγ) ouplings down to the value of 0.0095 (0.008) when the sale of the
interation is set to the top quark mass at a CLIC+LHC based γp ollider with
√
smaxγp ≃ 5.9 TeV. For other hoies
of Λ the results an be resaled by (mt/Λ)
2
. These limits orrespond to the branhing ratio BR → qγ ≈ 5 × 10−5.
In the SM extension with exoti quarks [3℄,[4℄ and supersymmetri models with R-parity violation [2℄, this branhing
ratio an be as low as O(10−5). If these models are the only soure for the anomalous tqγ ouplings, our alulations
4therefore indiate that future improvements at the CLIC+LHC based γp olliders will be needed to make this a
detetible signal unless LO and NLO orretions further enhane the ontributions.
In priniple, there an be the overlapping between the diret top quark prodution and the photon or gluon splitting
diagrams where photon (gluon) splits into a qq¯ pair, and u and/or c ombines with the gluon (photon) to produe a
top quark. Care must be taken with these proesses to avoid the double ounting. In the diret prodution due to
anomalous tcγ and/or tuγ ouplings, initial state partiles are assumed to be massless, and thus we may ignore the
eets of the double ounting problem.
In onlusion, the anomalous ouplings an be large in a spei model. The present experimental limits are
relatively weak and these ouplings an exist in tree level anomalous proesses and an be measured with a better
preision at high energy lepton-hadron olliders. The FCNC interation of top quark would be a signal for the
existene of new physis beyond the SM.
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Table I: Branhing ratios for FCNC top quark deays as predited within the SM and the SM extensions.
BR(t→ qg) BR(t→ qγ) BR(t→ qZ)
SM 10
−10
10
−12
10
−13
2HDM 10
−5
10
−7
10
−6
SUSY 10
−5
10
−6
10
−6
EXQ 10
−3
10
−5
10
−2
5Table II: The main parameters of the options of CLIC+LHC based γp olliders.
CLIC+LHC Ee(TeV) Ep(TeV)
√
sep(TeV)
√
smaxγp (TeV) Lep ≃ Lγp(×1032m−2s−1)
Option 1 0.25 7 2.64 2.41 1-100
Option 2 0.50 7 3.74 3.41 1-100
Option 3 1.50 7 6.48 5.90 1-100
Table III: The ross setion for the proess γp→ bWX at a CLIC+LHC based γp ollider with √sep = 2.64 TeV.
Λ = mt κ
u
γ
σ(pb) 0 0.01 0.05 0.1 0.2 0.3 0.4
0 4.95× 10−2 1.92× 10−1 3.61× 100 1.43× 101 5.69× 101 1.28× 102 2.82× 102
0.01 1.16× 10−1 3.08× 10−1 3.73× 100 1.44× 101 5.70× 101 1.28× 102 2.82× 102
0.05 1.70× 100 2.08× 100 5.50× 100 1.62× 101 5.88× 101 1.29× 102 2.84× 102
κcγ 0.1 6.67× 100 6.86× 100 1.03× 101 2.09× 101 6.36× 101 1.35× 102 2.88× 102
0.2 2.65× 101 2.67× 101 6.68× 101 8.43× 101 1.54× 102 2.69× 102 4.34× 102
0.3 5.95× 101 1.37× 102 1.43× 102 1.60× 102 2.30× 102 3.46× 102 5.10× 102
0.4 1.06× 102 2.43× 102 2.49× 102 2.66× 102 3.36× 102 4.52× 102 6.16× 102
Table V: The ross setion for the proess γp→ bWX at a CLIC+LHC based γp ollider with √sep = 6.48 TeV.
Λ = mt κ
u
γ
σ(pb) 0 0.01 0.05 0.1 0.2 0.3 0.4
0 2.45× 10−1 6.33× 10−1 9.95× 100 3.91× 101 1.55× 102 3.50× 102 6.21× 102
0.01 5.16× 10−1 1.15× 100 1.05× 101 3.96× 101 1.55× 102 3.50× 102 6.21× 102
0.05 6.95× 100 7.58× 100 1.69× 101 4.60× 101 1.62× 102 3.57× 102 6.28× 102
κcγ 0.1 2.71× 101 2.77× 101 3.70× 101 6.62× 101 1.82× 102 3.77× 102 6.48× 102
0.2 1.07× 102 1.08× 102 1.17× 102 1.46× 102 2.62× 102 4.57× 102 7.28× 102
0.3 2.42× 102 2.43× 102 2.52× 102 2.81× 102 3.97× 102 5.92× 102 8.63× 102
0.4 4.29× 102 4.29× 102 4.39× 102 4.68× 102 5.84× 102 7.79× 102 1.05× 103
Table IV: The ross setion for the proess γp→ bWX at a CLIC+LHC based γp ollider with √sep = 3.74 TeV.
Λ = mt κ
u
γ
σ(pb) 0 0.01 0.05 0.1 0.2 0.3 0.4
0 8.12× 10−2 2.59× 10−1 4.52× 100 1.78× 101 7.11× 101 1.59× 102 2.84× 102
0.01 1.84× 10−1 4.43× 10−1 4.70× 100 1.79× 101 7.13× 101 1.59× 102 2.84× 102
0.05 2.63× 100 2.89× 100 7.15× 100 2.04× 101 7.37× 101 1.62× 102 2.87× 102
κcγ 0.1 1.03× 101 1.05× 101 1.48× 101 2.81× 101 8.14× 101 1.69× 102 2.94× 102
0.2 4.10× 101 4.12× 101 4.55× 101 5.88× 101 1.12× 102 2.00× 102 3.25× 102
0.3 9.22× 101 9.24× 101 9.67× 101 1.10× 102 1.63× 102 2.51×102 3.76× 102
0.4 1.64× 102 1.64× 102 1.68× 102 1.82× 102 2.35× 102 3.23× 102 4.48× 102
610-5
10-4
10-3
10-2
10-1
100
10-2 10-1 100
BR
κ
Λ=mt
t→gq
t→Zq(4)
t→Zq(5)
t→ γq
Figure 1: Branhing ratios depending on the anomalous oupling κ. Only the relevant FCNC oupling is allowed to deviate
from its SM value at a time as the others are set to zero. The branhings t → qZ are onsidered in two ases as explained in
the text.
b
t
u,c
W+γ
Figure 2: Feynman graph for anomalous top quark prodution in γp ollision.
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Figure 3: The transverse momentum distribution of b-quark, lepton (e+ or µ+), and the missing pT from the FCNC top
prodution at a γp ollider based on CLIC+LHC with
√
s
ep
= 3.74 TeV for the sale Λ = mt and the anomalous oupling
κqγ = 0.1.
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Figure 4: The transverse momentum distribution of b-quark, lepton (e+ or µ+), and the missing pT for the proess ep→ e+νbX
at a γp ollider with
√
s
ep
= 3.74 TeV.
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Figure 6: Disovery limits for κc and κu for eah of the olliders onsidered at L = 10 fb-1, for Λ = mt.
910-3
10-2
10-1
10-3 10-2 10-1
κ
γu
κγ
c
√s=6.48 TeV
1 fb-1
10 fb-1
100 fb-1
Figure 7: Disovery limits for κc and κu at CLIC+LHC based γp olliders at
√
s = 6.48 TeV for three dierent luminosity and
Λ = mt.
